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ABSTRACT  
   
The application of microalgal biofilms in wastewater treatment has great 
advantages such as abolishing the need for energy intensive aerators and recovering 
nutrients as energy, thus reducing the energy requirement of wastewater treatment 
several-fold. A 162 cm
2
 algal biofilm reactor with good wastewater treatment 
performance and a regular harvesting procedure was studied at lab scale to gain an 
understanding of effectual parameters such as hydraulic retention time (HRT; 2.6 and 1.3 
hrs), liquid level (LL; 0.5 and 1.0 cm), and solids retention time (SRT; 3 and 1.5 wks). A 
revised synthetic wastewater “Syntho 3.7” was used as a surrogate of domestic primary 
effluent for nutrient concentration consistency in the feed lines. In the base case (2.6 hr 
HRT, 0.5 cm LL, and 3 wk SRT), percent removals of 69 ± 2 for total nitrogen (TN), 54 
± 21 for total phosphorous (TP), and 60 ± 7 for chemical oxygen demand (COD) were 
achieved and 4.0 ± 1.6 g/m
2
/d dry biomass was produced. A diffusion limitation was 
encountered when increasing the liquid level, while the potential to further decrease the 
HRT remains. Nonlinear growth kinetics was observed in comparing SRT variations, and 
promoting autotrophic growth seems possible. Future work will look towards producing a 
mathematical model and further testing the aptness of this system for large-scale 
implementation. 
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CHAPTER 1 
INTRODUCTION 
The wastewater industry accounts for about 1.3% of the total energy consumption in the 
United States (Heidrich, 2011).  Up to 50% of this energy consumption is associated with 
aeration:  pumping air into the wastewater to stimulate aerobic bacteria that consume 
soluble organics and nitrify ammonia (Green, 1995).  Recently, certain states have 
approved strict regulations on total nitrogen (TN) or total phosphorous (TP) in 
wastewater treatment plant (WWTP) effluent making traditional technologies insufficient 
to reach the regulatory limits.  The strict regulations cost extra energy and/or chemicals in 
the WWTP.  Thus, it is imperative to improve WWTP technologies in order to minimize 
energy costs and improve effluent quality. 
Although algal-based stabilization ponds are a long-standing option for wastewater 
treatment, interest in using algal cultures in wastewater treatment has recently gained new 
popularity as a means to couple wastewater treatment with the generation of valuable 
products.  Algae provide several benefits to the WWTP process including: rapid nutrient 
uptake, efficient photosynthetic aeration, and sustainable biofuel production.  Details on 
each of these benefits are discussed below: 
1.1 Nutrient uptake:  Algae are excellent scavengers of nitrogen and phosphorus 
(macronutrients used for growth).  Typical stoichiometry for autotrophic algal growth is 
shown in Equation 1 based on analyses by Boelee et al. (2014). 
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Equation 1: stoichiometry for autotrophic algal growth 
Current EPA regulations (Title 40 Part 143) for sensitive and receiving water bodies call 
for nutrient concentrations of 1 mg/L TN, 0.1 mg/L TP, and 30 mg/L BOD5 (5-day 
Biochemical Oxygen Demand) in WWTP effluent. Domestic wastewater (primary 
effluent) nutrient concentrations range from 30-90 mg/L TN, 1.5-7 mg/L TP, and 100-
300 mg/L BOD5 (Natural Resources and Environment Dept.; Posadas, 2013). Microbes 
have been found to be excellent sequesters of such nutrients, hence the widespread 
utilization of biological processes such as the activated sludge process in WWTPs 
worldwide.  
Wastewater, nominally a worthless stream of low-quality water, is increasingly being 
considered an untapped resource that is being discarded inefficiently (Heidrich, 2011; 
Koppelaar, 2013; Li, 2015). Recovering the nutrient resources by growing algae, and 
subsequently using the algae for biofuel production and soil fertilization, is one method 
for harnessing this resource. Algae’s autotrophic growth results in a net nutrient removal 
that is independent of BOD5 utilization. 
1.2 Photosynthetic aeration:  Algae produce a significant amount of oxygen (Equation 1) 
which can stimulate aerobic bacteria that oxidize organic matter and ammonium. Such 
“photosynthetic oxygentation” has been proposed many decades ago by (Oswald, 1953). 
Algae have been found to be very effective aerators having been shown to produce 1.6 
times their cell weight in molecular oxygen in a High Rate Algal Pond (HRAP) fed with 
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primary effluent (Green, 1995). In fact, the dissolved oxygen (DO) saturation in water 
can be surpassed in the presence of algae, reaching 10-30 mg/L DO in HRAPs (Oswald, 
1953; Green, 1995). 
It has been shown that symbiotic conditions are beneficial for algae biofilm growth, and 
it was theorized that this is due to species interactions including communal use of extra 
polymeric substance (EPS) and mutualistic vitamin trading (Holmes, 1986; Irving, 2011; 
Kazamia, 2012; Schnurr, 2015). Oxygenation and CO2 sequestration may also be 
considered the contribution of algae in such symbiotic relationships (Muñoz, 2006). Such 
interactions make the system robust and require less human manipulation. Thus in search 
of a replacement to the energy intensive aeration employed in WWTP, algae can be 
utilized as a multitasker.  
1.3 Biofuel production:  Alternative fuel sources is a hot topic as the status quo is 
resulting in deep environmental, political, economic, and sustainability issues. Algae 
biomass can be used as a biofuel precursor, making for a well-rounded solution as it 
embodies a closed carbon cycle (emissions from algae-derived fuel are sequestered by 
plants whose consumption and waste products add nutrients to wastewater) and is not 
geographically restricted (unlike fossil fuels). 
Eukaryotic algae can accumulate triacylglycerols (TAGs) that can be easily converted to 
biodiesel.  Their lipid content is much higher than other microbes (15-77% by mass 
compared to e.g. 3.4-5% in Escherichia coli), and their oil yield per land area needed is 
significantly greater than crop-based biofuels (Chisti, 2007; Higgins, 2014). Furthermore, 
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the algal biomass can be converted to renewable methane or hydrogen gas using 
anaerobic microbial processes (USDOE, 2010).  
The production of biodiesel from algal biomass is among the closest to full 
implementation and economic feasibility among renewable liquid biofuels technologies, 
and the use of wastewater as the growth medium increases the feasibility. Thus, the use 
of algal cultures in a WWTP can turn the liability of treatment into a resource by 
providing nutrients required for their growth.  
Biodiesel production from algae must compete with current prices of fossil fuels, which 
are widely available at low cost.  In algae raceway pond systems, numerous analyses 
have determined that dewatering is the most energy-intensive process (Grima, 2003; 
Slade, 2013).  This process becomes a major energy sink as algal cultivation often results 
in a 1-2 g dry weight (DW)/L culture, or > 99% water.  In certain analyses, the energy 
requirement for dewatering and drying (21-45% of total process energy requirement) is 
higher than the actual amount of energy contained in the biodiesel produced (Davis, 
2011; Slade, 2013; Sander, 2010).  Sander & Murthy (2010) called it the “one major 
obstacle in algae technology.” In all cases, it is obvious that drying is the most energy-
intensive process and a cause for high operational costs (along with labor).   
Dewatering approaches traditionally include centrifuging or filtering the biomass, leading 
to 10% solids slurry, followed by heat-driven drying.  Sedimentation, which is common 
in WWTPs and is a more cost effective approach, has not been a viable option due to the 
low density of TAG-replete algal cells.  It is imperative to have an effective water/solid 
separation approach, as algal biomass and wastewater effluent are precious resources.   
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1.4 Outlook:  To include all three of the above characteristics of algae with utmost 
efficiency, the growth of algae as a biofilm on the base of a reactor with continuous 
wastewater flow was envisioned by the research team. Biofilms can be the most effective 
way to grow algae for the dual purpose of wastewater treatment and biofuel production.  
Biofilm growth essentially eliminates the need to separate solids from wastewater, which 
is the most energy-intensive process in the algae biofuel process and is good for 
wastewater treatment.   
A biofilm is a dense agglomerate of cells attached to a surface and to each other.  In 
nature, algae are commonly observed growing in biofilms on top of sediments such as 
rocks and organic debris. They can tolerate high flow rates so they predominate over 
suspended algae in rivers and streams (Bellinger, 2010).  
An algae biofilm can be grown using wastewater as a nutrient source, and the densely 
packed cells can be collected for processing with little or no need for additional 
dewatering. The separation of the wastewater and the biomass as a solid and a liquid 
phase also allows for easy manipulation of hydraulic retention time (HRT) and solids 
retention time (SRT) by directly controlling the liquid flow rate and biomass harvest rate. 
In this thesis, such operational parameters were studied to gain an understanding of their 
effect on algal growth and removal of oxygen demand (biochemical and chemical), 
nitrogen (N) and phosphorous (P) from primary wastewater effluent.  
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CHAPTER 2 
BACKGROUND LITERATURE 
2.1 Review publications:  Microalgal biofilms have been picking up momentum in the 
research community. In just the last two years, four very relevant review papers were 
composed by different research groups all attesting to the high potential of algal biofilm 
applications based on previous research. 
Table 1:  Review papers of relevance with the focus of the review in bold font 
Lead Author Date Title 
M. Kesaano March 2014 
Algal biofilm based technology for wastewater 
treatment 
M. Gross June 2015 Biofilm-based algal cultivation systems 
P. J. Schnurr August 2015 
Factors affecting algae biofilm  growth and lipid 
production: A review 
D. Hoh March 2016 
Algal biofilm reactors for integrated wastewater 
treatment and biofuel production: A review 
J. R. Benemann July 1977 Energy production by microbial photosynthesis 
 
The reviews are set apart by their discussion focus being either wastewater treatment, 
algae production, or an integration of both. All reviews at least mention the high potential 
of integrating the applications. 
Kessano & Sims (2014) compiled the nutrient removal and biomass productivity results 
of studies that utilized wastewater (municipal or animal) as a growth medium. A central 
suggestion derived from this compilation is a need for understanding the dynamics of 
nutrient transport in these systems, which would encourage large-scale implementation. 
Gross et al. (2015) summarized the various configuration systems that have been 
demonstrated including stationary and rotating biofilm designs. Their suggestions for 
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future research included identifying appropriate strains and gaining an understanding of 
CO2 and light transfer to the biofilm. 
Shnurr & Allen (2015) consolidated literature on the characteristics of algal biofilms and 
on several factors that influence growth and lipid content. The biomass and lipid 
productivity results of many previous studies were tabulated which eases comparisons. 
Optimizing biomass productivity was the main suggested goal for future research. 
Hoh et al. 2016 presented organized comparisons of suspended versus biofilm systems, of 
various reactor configurations, and of integrated systems. Overall optimization was the 
suggestion given in order to further the field.  
Benemann et al. (1977) discusses the potential of integrating energy production with 
wastewater treatment. Harvesting and concentrating algae culture has long been a major 
engineering problem of the field, being the first problem addressed therein. 
2.2 Current research:  Currently, only a handful of research teams are focusing on algal 
biofilm growth and optimization. However, the results reported so far show the promise 
of developing a robust process for algal growth.   
With the overall picture of a biofilm system that couples wastewater treatment and 
biomass production with the reviews’ suggestions in mind, many individual studies were 
evaluated. A handful of most relevant studies are described in brief here to support the 
outlook of this study. 
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A relevant wastewater treatment technology that has been studied for several decades and 
seems to be a source for promoting algae biofilms research is the algal turf scrubber 
(ATS ™). By surging polluted water (less than 1 inch liquid layer) over a “turf” of 
filamentous algae and other microbes, high nutrient eliminations and biomass 
productivities have been observed (Hydromentia; Craggs, 1996). The company 
HydroMentia Incorporated holds the license to ATS ™ technology (Patent # US4333263 
A). The principle of this technology matches the aforementioned, but has mostly been 
applied to lake restoration projects.  
Moving towards wastewater applications, Mulbry et al. (2008) applied a similar algal turf 
scrubber concept for treatment of dairy manure effluent. With 30 m
2
 outdoor systems, 
good nutrient recoveries (50-90%) and biomass productivities (2.5-25 g/m
2
/d) were 
achieved with indigenous algae colonization. The operation included full harvest of the 
biomass every 4-12 days. It was concluded that annual operational costs would be too 
high ($780 per cow or $10.70 per kg N per year) yet applicable for meeting stringent 
effluent requirements. As the system of Mulbry et al. (2008) was applied on-site the 
Dairy Research Unit, significant fluctuations of nutrient content of the influent along with 
seasonal effects makes quantitative comparisons difficult, but overall they have 
demonstrated the applicability and robustness of algae for wastewater treatment.  
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Figure 1:  (Mulbry, 2008) algal turf scrubber setup 
With the applicability of microalgal biofilms for domestic wastewater treatment realized, 
Boelee et al. (2011) tested 180 cm
2
 flow cells for post-treatment of Municipal 
wastewater. A 2 cm liquid level (LL) was maintained over the mixed culture biofilm and 
various HRTs (0.1-1.9 d) were tested. With a focus on wastewater treatment, no regular 
harvesting was employed, although the effluent was analyzed for biomass washout.  The 
system demonstrated success in nutrient reduction, especially at HRTs of less than 12 hrs, 
and it was suggested that regular harvesting be employed to prevent hindrance of nutrient 
uptake and increasing algae washout. The potential transport limitation in the system due 
to the 2 cm liquid layer was also questioned. 
 
Figure 2:  (Boelee, 2011) flow cell setup 
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The sought-after application of microalgal biofilms in treatment of domestic wastewater 
was more recently demonstrated by Posadas et al. (2013 and 2014). A 0.5 m
2
 symbiotic 
system treating domestic wastewater primary effluent demonstrated superior nutrient 
removal over a similar bacterial system (dark condition). It also demonstrated superior 
nutrient removal as well as operational stability over an enclosed tubular system that was 
run in parallel. The system configuration provided a maximum LL of 0.5 cm, and 
wastewater from nearby sewage was fed at 3.1-10 d HRTs. No regular harvesting was 
employed, but periodic sampling generated biomass productivity and nutrient 
assimilation results. In the best case (10 d HRT), the percent removals of carbon, 
nitrogen, and phosphorus were 91 ± 3, 70 ± 8, and 85 ± 9. The demonstrated nutrient 
removals were considered a great accomplishment, however it was concluded that the 
significant evaporation loss (probably due to the high HRTs required) reduced the 
potential of system upscale.  
 
Figure 3:  (Posadas, 2014) surface reactor setup 
Recognizing the increasing potential of microalgal biofilm applications, Schnurr et al. 
(2013) created a lab-scale system to study the growth kinetics and lipid accumulation 
potential of Scenedesmus obliquus and Nitzschia palea biofilms. A growth medium 
   11 
(amended CHU-10 diatom medium) was used rather than wastewater. With set HRTs of 
0.7 to 1.2 min (calculated from reported flow rates), a nutrient starvation regime was 
applied to study the dynamics of these specific algae’s lipid accumulation behavior. After 
concluding that lipid accumulation may not be induced by nutrient starvation in biofilm 
systems unlike suspended systems, it was suggested that optimizing growth kinetics 
through physical and chemical growth parameters and understanding transport limitations 
was imperative. 
 
Figure 4:  (Schnurr, 2013) small-scale flow cell setup 
Although not entirely comparable to the aforementioned layer flow designs, two other 
studies, Christenson & Sims’ (2012) rotating algal biofilm reactor (RABR) demonstration 
and Praveen & Loh’s (2015) alginate beads study, should be mentioned here to proved a 
different perspective on algal biofilm growth. 
Targeting the harvesting problem in coupling WWT with biomass production, 
Christenson & Sims’ (2012) RABR systems were tested on lab, medium, and pilot scales. 
With a configuration that gave HRTs of 3-6 d, the RABR proved to be effective in 
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nutrient removal (14.1 g/m
2
/d for N) and biomass production (5.5-31 g/m
2
/d), and 
displayed key advantages over suspended algae systems, similar to aforementioned 
advantages of biofilm systems, such as little or no suspended growth. It was highly 
suggested that such systems be retrofitted to contemporary lagoon systems to make more 
productive use of the land area and to enhance the treatment of the wastewaters within. 
As an additional plus to RABRs, the spool harvester devised and tested by Christenson & 
Sims (2012) furthers the goal of easing biomass harvesting for byproduct generation. 
Nonetheless, as a system that varies considerably from current WWTP technologies, 
RABR systems may not pick up steam without further large-scale assessment which 
Christenson & Sims (2012) did indicate as the next step.  
 
Figure 5:  (Christenson, 2012) RABR-enhanced raceway setup 
Indicative of ongoing research on photosynthetic oxygenation, Praveen & Loh (2015) 
studied glucose uptake in stirred batches of suspended bacteria (Pseudomonas putida) 
and suspended alginate-encapsulated algae (Chlorella vulgaris). The benefit of symbiotic 
interaction, specifically photosynthetic aeration, was further established as the presence 
of both bacteria and algae increased glucose removal. The instability of the beads was 
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postulated to be a limiting factor in upscale, but the concept of algae immobilization was 
exalted. At an HRT of 3.3 hrs and as the first study demonstrating symbiotic interactions 
with physical segregation of microorganisms, this promoted the perception of microalgal 
biofilm applications.   
2.3 Research Needs:  In the study of immobilized microalgae thus far, some knowledge 
gaps have been pinpointed. These gaps are in agreement with the review papers' 
suggestions for future research, in the arena of mass transport and kinetics. Specifically, 
the parameters LL and HRT have been applied disconnectedly. Furthermore, regular 
harvesting rate (or SRT; see Section 3.6) has not been a focus if even considered. Table 2 
compares these parameters as applied by the studies discussed in Section 2.2.  
Table 2:  A comparison of specific studies’ application of LL, HRT, and Harvesting 
 
Boelee  
2011 
Posadas 
2013 
Schnurr 
2013 
Christenson 
2012 
Praveen 
2015 
LL 2.0 cm 
0.5 cm max, 
sloped 
0.4 cm 
N/A 
(moving 
surface) 
N/A 
(suspension 
culture) 
HRT 2.4–45.6 hr 3.1–10.4 d 0.02 hr 3-6 d 3.3 hr 
Harvesting 
Rate 
Passive Periodically 
After 14 day 
experiment 
After  
experiment 
After 
experiment 
 
This study aimed to create a microalgal biofilm system with attractive configuration (e.g. 
low HRT yet successful/consistent nutrient removal and biomass productivity, low 
capital cost and retrofitting requirement) that is adjustable for testing parameter effects. 
Specifically, demonstrations of the following were sought: 
   14 
1) Consistent nutrient removal (focusing on wastewater organics or BOD5) and biomass 
production with a systematic biofilm harvesting procedure. The implications of a 
consistent harvesting procedure make the coupling of wastewater treatment and algae 
biomass production all the more feasible. Then testing the effect of biofilm age at harvest 
(SRT) can give an understanding of the growth kinetics of the microalgal community, 
which can be optimized to maximize overall performance.  
2) The advantageous use of symbiotic microalgal biofilms treating wastewater. Algae 
production systems have often been based on pure strain cultures, and this has been 
problematic in the cases of culture contaminations and crashes (Chaumont, 1993). It is 
difficult to maintain pure strain conditions in algae production, and impossible in 
wastewater treatment, thus such a demonstration is crucial.   
3) HRTs resembling those applied in current WWTP systems, and an understanding of 
the effect of HRT on performance. Conventional biological WWTP systems apply HRTs 
of 4-8 hrs (NMSU, 2007). High retention times (on the order of days) that have been 
employed in wastewater treatment applications of algae are thus not immediately 
attractive replacements for WWTPs. High HRTs in biological systems can also be 
inefficient as aged biomass may die and decompose thus canceling out its contribution to 
the treatment process (Oswald, 1953). In prospect of large-scale wastewater treatment 
implementation of this system which is sensitively based on land area, understanding the 
effects of HRT on performance is critical for analysis of practicality.  
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4) LLs that support optimal performance, and an understanding of the effect of LL on 
performance. Understanding this effect is also critical for analysis of large-scale 
practicality. 
The functionality of a lab-scale system was proven in preliminary experiments (Appendix 
A.1). Subsequent experiments were then designed to test three parameters: LL, HRT, and 
SRT (Table 3).  
Table 3:  Experimental setups with the top row 
conditions as the "base" setup 
LL (mm) HRT (hr) SRT (wk) 
5 2.6 3 
10 2.6 3 
5 1.3 3 
5 2.6 1.5 
 
The main factor for optimizing the system parameters is the application principle. 
Various studies have differed on principles ranging from secondary to tertiary wastewater 
treatment and from artificial growth medium to actual wastewater, hence the wide range 
of system parameters used in microalgal biofilm systems (Table 2). In attempting to 
combine two principles in this study (wastewater treatment and biomass production) the 
directions for optimization conflicted. That is, increasing contact time would yield high 
degrees of nutrient removal, but decreasing contact time would yield higher biomass 
productivities. To take a middle ground in this fundamentals study, the focus of chemical 
oxygen demand (COD) removal was taken. For the principle of wastewater treatment, 
COD removal is a good starting point for comparison with current treatment methods that 
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employ a separate process for additional N/P removal; while for biomass production, 
COD is correlated most with biomass growth thus the potential of using wastewater as 
the growth medium can be assessed.  
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CHAPTER 3 
MATERIALS AND METHODS 
3.1 Reactor design:  A photo-bioreactor system can be utilized as a standardized 
evaluation test for various parameters including nutrient concentrations and reactor 
design. After preliminary experimentation with three reactors with 18x9 cm surfaces, 
increasing the “contact time” of the influent with the biofilm and decreasing the 
possibility of preferential flow was expected to increase nutrient removal and thus 
increase biomass productivity. A similar reactor with the same 18x9 cm surface area but 
with four baffles was therefore produced. The new reactors also had an increased wall 
height to allow for the modification of liquid height. All reactors were precision 
machined by the Arizona State University Engineering Machine Shop from optically 
clear cast acrylic sheets (McMaster-Carr). The LL (a parameter to optimize) was 
controlled by the defined height of a removable weir (also produced by precision 
machining) at the effluent side of the reactor. See reactor dimension drawings in 
Appendix A.1. 
3.2 Light supply:  A Utilitech fluorescent light fixture assembly with diffuser covers 
(Waukegan, Illinois, USA) with 2 x 24" General Electric 17 W fluorescent bulbs 
(Cleveland, Ohio, USA) hung 16 cm above the reactors giving an average 
photosynthetically active radiation (PAR) of 80 μmol/m2/s as measured by a LICOR LI-
190R Quantum sensor (Lincoln, Nebraska, USA). This PAR was held constant 
throughout this study. 
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3.3 Pumps and tubing:   Continuous flow was supplied to each reactor triplicate through 
a 4-channel peristaltic pump (Ismatec REGLO Analog MS-4/12, Wertheim, Germany) 
and Norprene tubing. The effluent weir-runoff drained to a waste container through a 
fitting in the base of the reactor. 
3.4 Synthetic Wastewater:  In studying continuous wastewater treatment systems, a large 
amount of wastewater is required, with the exact amount depending on the scale and flow 
rate of the systems. Using actual wastewater is not a practical option unless there is a 
direct pipeline. Otherwise, regular shipments of wastewater would be required to avoid 
the internal degradation of the influent to the system. Therefore in this study, a synthetic 
wastewater was used. 
The influent used was designed to mimic primary effluent wastewater in 
physical/chemical properties and diversity of components, and to have total nitrogen and 
total phosphorous concentrations of 30 and 2.5 mg/L. The recipe (Table 4) calls for 10% 
actual wastewater which gives the media some composition variation (an important 
characteristic in studying algae-wastewater applications) while the remaining 90% calls 
for defined, controllable components. The target COD:N:P ratio is 200:30:2.5. See 
Appendix A.2 for details on the development of this recipe.  
19 liter batches were prepared just before use and sterilized by autoclaving. A 0.45 μm 
Whatman Polydisc TF filter (Little Chalfont, UK) was connected to the rubber bottle cap 
to avoid contamination as ambient air replaces the removed liquid. 
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Table 4:  Synthetic wastewater “Syntho 3.7” recipe 
Substrates mg/L 
Mesa WW 1° Effluent 10% vol/vol 
Milk powder 52.3 
Yeast extract 23.5 
Safflower seed oil 13.1 
Peptone 7.8 
Urea 48.8 
Ammonium chloride 5.7 
Sodium acetate (anhydrous) 90.6 
Monopotassium phosphate 9.9 
Magnesium Chloride (anhydrous) 14.3 
Sodium bicarbonate 226.8 
Iron sulfate (heptahydrate) 5.22 
Chromium nitrate (nonahydrate) 0.69 
Copper chloride (dehydrate) 0.48 
Manganese sulfate (monohydrate) 0.10 
Nickel sulfate (hexahydrate) 0.30 
Lead chloride 0.09 
Zinc chloride 0.19 
 
The actual wastewater was obtained from the City of Mesa WWTP by collecting the 
water directly off the primary settling tank weir. About 6 liters was collected weekly and 
stored at 4°C. Milk powder, ammonium chloride, monopotassium phosphate, magnesium 
chloride, and sodium bicarbonate were obtained from Amresco (Solon, Ohio, USA); 
yeast extract, safflower seed oil, urea, sodium acetate, iron sulfate, copper chloride, 
manganese sulfate, nickel sulfate, and lead chloride were obtained from Sigma-Aldrich 
(St. Louis, Missouri, USA); peptone was obtained from Fisher BioReagents (Fair Lawn, 
New Jersey, USA); chromium nitrate was obtained from Alfa Aesar (Ward Hall, 
Massachusetts, USA); and zinc chloride was obtained from Mallinckrodt Chemicals 
(Phillisburg, New Jersey, USA). 
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As the continuous influent and baseline for nutrient removal and biomass growth, it is 
important that each media batch is stable for its duration of use. With the current setup, 
the longest period a 19 liter batch of Syntho 3.6 will be used is 8.4 days (three reactors 
with a 3 hr HRT). A stability analysis was carried out to ensure consistency of TN, TP, 
and COD of a single batch for this duration. TN and TP concentrations remained within 
20% of the starting value while COD declined by about 50%. This was attributed to 
incomplete sterilization in the autoclave due to the large volume. Analysis of the results 
takes this into account in presenting results as percent removal. 
3.5 Overall setup:  A total of 6 reactors were run simultaneously, allowing for two 
triplicate experiments to run in parallel. Each set of 3 reactors was fed with its own media 
bottle and pump. This allowed each triplicate setup to be maintained at a specific flow 
rate and liquid level. The triplicate setup was also treated with a specific harvesting 
schedule. 
 
Figure 6: Triplicate reactor setup of this study; flow rate control by pump setting and 
liquid level control by weir height; effluent to waste or sampling. 
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3.6 Inoculation and harvesting:  A microalgal biofilm community was generated by 
initial inoculation with 32x concentrated lake water and 3% activated sludge (see 
Appendix A.1). Each reactor was divided into 5 sections by the baffles. To harvest the 
algae, all the liquid in the reactor was decanted by tilting the reactor about 30° towards 
the effluent line for less than two minutes. One section is scraped clean using a glass slide 
at regular periods giving each section a controlled growth time. Since the flow rate is 
sufficiently slow and no mechanical mixing is applied, the biofilm is assumed to contain 
the vast majority of solids in the system. Therefore the regular harvesting of the biofilm is 
directly related to the SRT of the system.  
Harvesting of the sections was carried out in sequential order, upstream to downstream. 
The wet weight of the harvested section was recorded. Then 10% or at least 0.3 g of the 
harvest is used to reinoculate the section; about 10% is used for dry weight measurement 
using Whatman GF/C 47 mm glass microfiber filters (Little Chalfont, UK); and about 
20% is stored at -20 °C for lipid extraction.  
3.7 Liquid analytics:  Influent (immediately before reactor entrance; combined triplicate 
sample) and effluent (immediately after reactor exit) were analyzed with TN (TNT 880), 
TP (TNT 843), and COD (HR 2125915) HACH kits (Ames, Iowa, USA), Sartorius 
pHCore PY-P20-2S pH meter measurements (Göttingen, Germany), and standard BOD5 
testing (APHA, 1998). The samples were filtered through 0.2 μm Cole-Parmer nylon 
syringe filters (Vernon Hills, Illinois, USA), except for pH, and the appropriate dilution 
with distilled water was used to be within the range of the specific analysis. Effluent 
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samples were only taken after one SRT of initiation and at least 10 HRTs after the 
harvesting procedure. 
3.8 Microscopy:  A piece of biofilm was diluted 20x in potassium phosphate buffer and 
vortexed for approximately one minute. 5 μL was placed on a cell-counting glass slide. 
An Olympus BX61 microscope equipped with an Olympus DP70 camera (Tokyo, Japan) 
was used to capture images of cell aggregates at 10x40 magnification in bright field 
mode. 
3.9 Lipids quantification:  The total lipid quantification procedure of Sheng et al. (2011) 
was adapted for this study, entailing the conversion of TAGs to fatty acid methyl esters 
(FAME) for quantitative identification. 1mL of a 1:10 diluted biomass sample was freeze 
dried for about 24 hours. 2 mL of 3N methanolic HCl was then applied for 
transesterification at 85 °C for at least 2.5 hrs. After cooling to room temperature, 0.5 mL 
of distilled water and 1.55 mL Hexane (100%) were added and thoroughly mixed by 
vortexing for about 1 minute. The top hexane phase containing the FAME was 
transferred to a gas chromatography (GC) vial for quantification. 
Identification and quantification of FAME compounds was carried out with GC 
(Shimadzu GC 2010) equipped with a Supelco SP-2380 capillary column (30 m x 0.25 
mm x 0.20 μm) and flame ionization detector (FID). The method consisted of a split ratio 
of 1:10, inject volume of 1μL, He carrier gas with linear velocity set to 20 cm/s, H2 flow 
of 40 mL/min, air flow of 400 mL/min, make-up flow (He) of 30 mL/min, injector and 
detector temperature of 240 °C, and oven temperature starting at 140 °C for 1 min and 
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increasing at a rate of 4 °C/min to 220 °C. A calibration curve was generated from the 
standard Supelco 37-Component FAME Mix (Supelco, St. Louis, MO), and compound 
concentrations in analyzed samples were quantified based on the integration of the 
chromatogram peaks in accordance with the standards.  
 
 
 
  
   24 
CHAPTER 4 
RESULTS 
4.1 Reactor System:  The microalgal biofilm reactor setups have demonstrated 
satisfactory ability in wastewater treatment, biomass production, and lipid production. In 
the base case (5 mm LL, 2.6 hr HRT, and 3 wk SRT), percent removal averagess of 69 ± 
2 for TN, 54 ± 21 for TP, and 60 ± 7 for COD were achieved (Figure 7) and 4.0 ± 1.6 
g/m
2
/d dry biomass was produced. The lipid content of the biomass ranged from 2.9-
11.1%. These results were achieved with a symbiotic microalgal community and with a 
consistent harvesting procedure, demonstrating the robustness of the system. 
 
Figure 7:  Concentration changes from influent to effluent in the base case. 
The effects of the modified parameters, LL, HRT, and SRT are discussed within each of 
the following segments with single application focuses. 
4.2 Wastewater Treatment:  The average concentrations of COD, TN, and TP were 
measured at several time-points during the experiments. BOD5 was measured for the base 
setup (5 mm LL, 2.6 hr HRT, and 3 wk SRT). In the base setup (best case) the average 
effluent concentrations of BOD5, TN, TP in mg/L were 34 ± 3, 8 ± 1, and 3 ± 2 
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respectively. Considering the relatively short path of travel (~45 cm) of the influent, it is 
especially promising that the BOD5 is within about 10% of the EPA requirement.  
The percent removal of each time point was averaged over the duration of each 
experiment (one SRT). These values are taken as the performance of each setup for 
system comparison (Figure 8).  
 
Figure 8:  Comparison of wastewater treatment performance of base and modified 
parameter setups. 
4.2.1 Effect of Liquid Level:  Increasing the LL from 5mm to 10mm showed the greatest 
effect in TN removal, with performance dropping 2-fold. In considering elimination of 
TN load, the base and 10mm LL setups were nearly equivalent (although the loading was 
doubled). TP and COD removal performances were effectively equivalent, whereas the 
difference in performance regarding BOD5 removal was more distinct with a 1.4-fold 
decrease. Since no agitation or mixing was employed in this system (to allow biofilm 
adhesion) and due to small Reynolds number (approximately 10
-8
), it was assumed that 
transport of nutrients to the biofilm was controlled by diffusion. The adverse effect on 
performance (most evident in TN and BOD5) indicates a potential nutrient transport 
limitation in this system. 
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4.2.2 Effect of HRT:  It appears that decreasing the HRT from 2.6 hr to 1.3 hr does not 
have any significant effect on treatment performance. In other words, doubling the 
nutrient load results in approximately double the nutrient elimination. This indicates that 
the HRT may be decreased further insomuch as the LL remains around 5mm to avoid the 
aforementioned diffusion limitation. 
4.2.3 Effect of SRT:  Harvesting the biofilm at twice the frequency resulted in a 
performance drop most evident in TN removal. It appears that with biofilms of half the 
age, TN removal performance is halved. Further insight on this discrepancy is in a mass 
balance analysis (Section 4.4). 
4.2.4 Overall wastewater treatment:  In comparing the performance of the algae biofilm 
systems in this study with other studies’ results, the prospect for implementation of such 
algae biofilm systems increases. For example, compared to the 0.5 m
2
, 3.1 d HRT system 
of Posadas et al. (2013), this study achieved 28% higher TN removal and 50% higher TP 
removal (percent TN removal of 69 ± 2 versus 54 ± 8 and percent TP removal of 54 ± 21 
versus 36 ± 22). The 2-fold higher TN elimination by the system of Posadas et al. (2013) 
may be due to the 3-fold higher TN influent concentration (42 ± 7 eliminated from 91 ± 
14 versus 19 ± 2 eliminated from 27 ± 2 mg/L TN). TP eliminations of this study were 
similar to Posadas et al. (2013) with similar influent concentration (4 ± 2 eliminated from 
7 ± 2 versus 2 ± 1 eliminated from 7 ± 3 mg/L TP). Considering their 30-fold higher 
HRT, the biofilm system of this study demonstrates additional capability of such systems 
for wastewater treatment. 
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In comparing the percent removal of TN and TP in this study to that of 8 municipal 
wastewater studies or 7 continuous-flow operation studies or 8 short HRT studies as 
compiled in the statistical analysis review by Kessano & Sims (2014), the results of this 
study fit well (Table 5). The capacity of the system used in this study to achieve such 
removals compares favorably especially considering its HRT on the order of hours 
compared to HRTs on the order of days.  
Table 5:  (adapted from Kessano, 2014) "statistical analysis system output of two 
sample t test for nutrient removal influenced by factors and levels." 
Factor No. of studies TP %  removal TN % removal 
Municipal WW 8 63.2 ± 25.8 68.6 ± 17.5 
Continuous operation 7 68.0 ± 24.7 60.6 ± 18.7 
<7day HRT 8 62.1 ± 25.1 57.4 ± 15.8 
All of the above This study 54 ± 21 69 ± 2 
 
An additional consideration in wastewater treatment is the pH throughout the system. It 
was observed that the pH increased in all setups of the biofilm reactors (Figure 9).  
 
Figure 9:  Comparison of setup effect on pH rise. 
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The extent of this pH rise can be used as a measure of how much carbon has been 
consumed by the biofilms, assuming that the mechanism involves the uptake of protons 
equal in quantity to the number of negative charges taken up as carbonate, bicarbonate, or 
acetate. The pH rise in the base setup was consistently more than any other setup. 
Coupled with the higher BOD5 removal of the base setup, it can be said that the biofilm 
requires more CO2 after consuming much of the available organic carbon (see Section 
4.4.1). Based on these theories, the effect of setup on pH gives conclusions similar to 
those derived from the treatment performance comparisons. 
It is interesting to note that Posadas et al. (2013) observed a relatively minor change in 
pH from an influent pH of 7.1 ± 0.3 to an effluent of about 7.0 ± 0.2 (with 3.2 d HRT and 
low recycle). This may have been due to a different nutrient source composition in their 
use of actual wastewater. 
4.3 Biomass Production:  The practicality of coupling algae production with wastewater 
treatment relies on biomass productivity. As described in Section 2.3, a continuous 
system that maintains consistent wastewater treatment performance as well as harvested 
biomass productivity is desired. This was achieved in this study, and its success is 
attributed to the sharpness of the solid/liquid phase separation. In the base case, the 
average dry biomass productivity was 4.1 ± 1.6 g/m
2
/d. Then, the effect of setup 
parameters on biomass productivity was assessed. 
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Figure 10:  Comparison of setup effect on average total (left) and periodic harvested 
(right) biomass accumulation. 
4.3.1 Effect of Liquid Level:  It is indicated by Figure 10 that supplying additional 
nutrients by raising the LL to 10 mm did not increase biomass productivity (3.8 ± 1.6 
g/m
2
/d). Accordingly, there appears to be a nutrient transport limitation by the liquid 
layer. With a set path length, increasing the liquid layer may have limited the amount of 
nutrients that could diffuse to the biofilm where more of the nutrients consumption can 
take place.  
4.3.2 Effect of HRT:  Since supplying more nutrients by increasing the LL did not result 
in more biomass production, it was expected that supplying more nutrients by decreasing 
the HRT at the lower LL should result in more biomass production. This was the case 
indeed (5.6 ± 1.0 g/m
2
/d) demonstrating that as a diffusion-limiting system, increasing 
the load by decreasing the HRT may be applied to increase biomass production, keeping 
in mind that the nutrient removal performance is compromised in this particular setup. 
4.3.3 Effect of SRT:  An increase in biomass productivity (5.8 ± 1.3 g/m
2
/s; 15-200% by 
section) was observed in harvesting the biomass more frequently. It may be assumed then 
that the biofilm was following a nonlinear biological growth curve and that at a 3 wk 
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SRT, the biofilm growth was moving toward a stationary phase. This growth 
characteristic can be exploited if maximizing biomass growth is the goal. 
Schnurr et al. (2013) demonstrated linear growth kinetics of Scenedesmus obliquus and 
Nitzschia palea biofilms. The indication of non-linear growth kinetics in this study may 
be due to the difference in HRT (0.02 hr in Schnurr et al. (2013) compared to 3 hr in this 
study). 
4.3.4 Overall biomass productivity:  In comparison with the biomass productivities of 
similar setups (horizontal or flow lane setups with municipal or synthetic wastewater) 
tabulated by Hoh et al. (2016), ranging from 0.5-7.7 g/m
2
/d, the results of this study (3.8-
5.8 g/m
2
/d) fit well on the higher end of this range. In a more particular example Posadas 
et al. (2013) reported biomass productivity of 2.6 g/m
2
/d at 3.1 d HRT and 3.1 g/m
2
/d at 
5.2 d HRT. No error range was attributed to these reported values, but according to the 
error range presented by the triplicate setup of this study and their similar light supply (88 
± 16 μmol/m2/s but with a 16:8 light:dark regime), the values reported by Posadas et al. 
(2013) may be considered similar. The results of this study are impressing given that 
those tabulated studies and Posadas et al. (2013) employed HRTs upwards of 9 days. It is 
presumed that a higher PAR towards outdoor conditions (above 200 μmol/m2/s) will 
increase productivity further. 
As a continuous process, the biomass productivities shown in Figure 10 do account for 
the biomass that is returned to the reactors as inoculum (see operation Section 3.6). The 
full productivity is thus slightly higher (about 1.1-fold) in all cases. For example, for the 
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base case the overall productivity was 4.0 ± 1.6 while the harvested productivity was 3.7 
± 1.5 g/m
2
/d. Overall productivities were used in comparisons with other studies. 
The concentration of the collected biomass affects downstream processing where high 
concentrations are required e.g. 200 g/L requirement in lipid extraction (Davis, 2011). In 
the biofilm system of this study, the concentration of the harvested biomass ranged from 
40 to 100 g/L, averaging 57 ± 14 g/L. This would definitely reduce the cost of pre-
processing, making end products more economically viable. Furthermore, the biofilm 
setup makes for technologically simpler drying methods, potentially solving the difficulty 
of upscaling dewatering technologies (USDOE, 2010). For example, if the setup allowed 
for removable surfaces then the biofilm may be set out to air dry.  
4.4 Mass Balance:  In assuming a stoichiometry for the microalgal biomass resulting 
from autotrophic growth (C1H1.78N0.12O0.36P0.01; Equation 1) or heterotrophic growth 
(C1H1.4N0.2O0.4P0.017; Equation 2), the assimilation rate of nutrients (COD, N, and P) was 
calculated (Appendix A.4). Then with the nutrient removal and assimilation rates 
distinguished (Table 6 & 7), the removal mechanism was investigated. 
             
             
            
                                         
   
Equation 1:  (Boelee, 2014) stoichiometry for autotrophic microalgal biomass. 
          
                   
              
           
                                           
Equation 2:  (adapted from Boelee, 2014) stoichiometry for heterotrophic microalgal 
biomass, assuming acetate as a carbon source. This heterotrophic stoichiometry is similar 
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to that assumed for heterotrophic microbial biomass (C5H7O2NP0.01) by Rittmann & 
McCarty (2001).  Thus, all heterotrophic biomass can be assumed to have a similar 
stoichiometry that is more N–rich than autotrophic biomass.  
The percent of nutrient that is unaccounted for by assimilation gives insight on the 
nutrient removal and biological growth mechanisms. 
Table 6:  Autotrophic growth assumed in nutrients mass balance for base case. Removal 
rate is based on the change in COD, N, and P between influent and effluent. The 
assimilation rate is based on the biomass production rate and the assumed stoichiometry 
of Equation 1. 
Nutrient 
Removal Rate 
mol/m
2
/d 
Assimilation Rate 
mol/m
2
/d 
Unaccounted % 
COD 0.12 ± 0.03 0.22 ± 0.09 -85 
N 0.062 ± 0.003 0.023 ± 0.009 64 
P 0.0058 ± 0.0037 0.0019 ± 0.0008 68 
 
Table 7:  Heterotrophic growth assumed in nutrients mass balance for base case. 
Removal rate is based on the change in COD, N, and P between influent and effluent. 
The assimilation rate is based on the biomass production rate and the assumed 
stoichiometry of Equation 2. 
Nutrient 
Removal Rate 
mol/m
2
/d 
Assimilation Rate 
mol/m
2
/d 
Unaccounted % 
COD 0.12 ± 0.03 0.17 ± 0.07 -45 
N 0.062 ± 0.003 0.035 ± 0.014 44 
P 0.0058 ± 0.0037 0.0030 ± 0.0012 49 
 
4.4.1 Biological Growth Pathway:  Under autotrophic growth, there is N and P 
assimilation, but there is also a net accumulation of COD as the biomass is independent 
of the influent COD in the wastewater. As a consequence, the assimilation rate of COD is 
expected to be much higher than the COD removal rate in the wastewater. That is, 
sequestering CO2 (zero COD) produces biomass (1.73 gCOD/gCells) using light 
(Equation 1). On the other hand, heterotrophic growth results in ~50% of the COD being 
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assimilated as biomass, while the rest is consumed through respiration. Since the influent 
wastewater COD is the only source of COD for heterotrophic growth, the COD 
assimilation rate should be half of its removal rate if this is the main mode of growth. 
That is, the acetate in the influent (main COD component; 1.36 gCOD/gAcetate) is 
assimilated into the biomass (1.36 gCOD/gCell) (Equation 2). In both types of growth, N 
and P removal rates should match the assimilation rate if no other removal processes are 
occurring. 
In Table 6 & 7 the negative values for percent unaccounted COD indicates the generation 
of COD within the reactor. Generation most likely occurred from autotrophic growth. 
Furthermore, autotrophic growth is indicated by the presence of green color in the culture 
(a general indication for autotrophy; Figure 11) as well as the increase of pH in the 
system (by consumption of the acid CO2). The recurrent appearance of bubbles at the 
surface of the reactors was very likely oxygen for these reasons (Figure 11).  
Overall COD removal between the influent and the effluent was confirmed analytically 
despite the autotrophic growth. The only sink for COD in this system is biological 
consumption, so heterotrophic growth (Equation 2) is also concluded to have occurred. 
    
Figure 11:  Photo of microalgal biofilm (decanted; left) and O2 bubbles at surface (right) 
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It was presumed that the use of a symbiotic culture in this system would form an efficient 
community of heterotrophic microbes that oxidize nutrients with the complementary 
supply of oxygen from autotrophic microbes. This appears to be the case given overall 
removal of COD from the liquid while generating COD in the biofilm. However, 
phototrophic (mixotrophic) assimilation of acetate in biomass using light (Equation 3) 
remains a possibility. Under this type of growth, algae require minimal oxygen to balance 
the assimilation of reduced ammonium. All COD would be assimilated in this case, 
resulting in a 100% agreement between consumption and assimilation rates. 
         
          
              
                  
                                  
Equation 3:  stoichiometry for phototrophic microalgal biomass. 
4.4.2 Nutrient Removal Mechanisms:  Nitrogen has a few potential sinks – biomass 
uptake, nitrification/denitrification, and ammonia stripping. Considering the high 
unaccounted amount in biomass uptake (44-64%), nitrification/denitrification or 
ammonia stripping are possible pathways of N removal. Ammonia stripping is more 
likely the sink considering firstly the high pH of the system (influent 8.3 to effluent 10.4) 
which pushes the ammonium/ammonia equilibrium towards ammonia (pKa = 9.35), and 
secondly the rather thin LL and the presence of autotrophic microbes which may permit 
oxygen throughout the system thus preventing denitrification (a process that requires 
more anaerobic conditions). 
In investigating phosphorous removal, high discrepancy (49-68%) is again observed 
between overall removal and biomass uptake. It was supposed that precipitation was the 
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main P removal mechanism, thus the high pH of the system is again implicated here. This 
can also explain the rather consistent P removal trends observed among all 4 setups 
(Figure 8) as pH increase was an occurrence in all 4 setups. One possible form of P and N 
precipitation is struvite (MgNH4PO4·6H2O) which forms at high pH conditions and with 
the right Mg:N:P ratio (Burns, 2001). Although such precipitation would be included in 
the measurement of dry weight of the biomass, the relatively small amounts would be 
insignificant relative to the error range associated with the biological triplicates. 
4.4.3 Effect of LL, HRT, & SRT:  Comparing the mass balance of all setups can give 
insight on the various dynamics of nutrient removal and growth production mechanisms 
in this system. Table 8 compares the nutrients mass balance of the base case (as in table 
5) with the balance of the other setups. 
Table 8:  Comparison of nutrients mass balance for all setups; Autotrophic growth 
assumed 
  
Removal Rate 
mol/m
2
/d 
Assimilation Rate 
mol/m
2
/d 
Unaccounted % 
COD 
5 mm LL, 2.6 hr 
HRT, 3 wk SRT 
0.12 ± 0.03 0.22 ± 0.09 -85 
10 mm LL 0.28 ± 0.06 0.21 ± 0.08 26 
1.3 hr HRT 0.34 ± 0.03 0.30 ± 0.06 10 
1.5 wk SRT 0.17 ± 0.07 0.31 ± 0.07 -88 
N 
5 mm LL, 2.6 hr 
HRT, 3 wk SRT 
0.062 ± 0.003 0.023 ± 0.009 64 
10 mm LL 0.057 ± 0.005 0.021 ± 0.009 63 
1.3 hr HRT 0.124 ± 0.033 0.031 ± 0.006 75 
1.5 wk SRT 0.048 ± 0.024 0.032 ± 0.007 34 
P 
5 mm LL, 2.6 hr 
HRT, 3 wk SRT 
0.0058 ± 0.0037 0.0019 ± 0.0008 68 
10 mm LL 0.0088 ± 0.0063 0.0018 ± 0.0007 80 
1.3 hr HRT 0.0065 ± 0.0010 0.0026 ± 0.0005 60 
1.5 wk SRT 0.0022 ± 0.0028 0.0027 ± 0.0006 -23 
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In comparing the COD balance of the 10 mm LL and 1.3 hr HRT variations with the base 
case, higher removal rates were observed (2- to 3-fold), while equivalent (for 10 mm LL) 
or slightly higher (for 1.3 hr HRT) assimilation rates were observed. This correlates quite 
well with the comparison of biomass productivities (Section 4.3) where the 1.3 hr HRT 
variation resulted in slightly higher biomass productivity though the 10 mm LL variation 
did not show significant change despite the equivalent nutrient loading rate. The diffusion 
limitation discussed in Section 4.2.1 is further confirmed. 
COD generation in the biomass (indicated by negative unaccounted % values) was not 
verified in the 10 mm LL and 1.3 hr HRT variations. This implies more heterotrophic 
growth such that the net COD removal overcomes the COD generation from autotrophic 
growth. Thus it appears that higher nutrient loads are more favorable for heterotrophic 
growth. 
In comparing the COD balance of the 1.5 wk SRT variation with the base case, a similar 
removal rate but a higher assimilation rate was observed. This confirms the results of the 
nutrient removal and biomass productivity performance comparisons (Sections 5.1 and 
5.2) where the 1.5 wk SRT variation demonstrated similar COD removal, but slightly 
higher biomass productivity. Moreover, the percent unaccounted value is also very 
negative indicating a similar abundance of autotrophic growth. Given the similar COD 
removal rate and percent removal though, it appears that the thinner biofilm with more 
light infiltration allowed for more autotrophic growth, while the thicker biofilm with less 
light infiltration provided for more heterotrophic growth. This light control is another 
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aspect of the dynamics of biofilms that may be exploited if more autotrophic growth is 
desired.  
For N and P, all variations seem to have similar balances. The described nutrient removal 
mechanisms for the base case (NH3 stripping and P/N precipitation; Section 4.4.2) appear 
to have had occurred to each setup in a similar manner. 
4.4.4 Overall Mass Balance:  The benefit of the details derived from the mass balances is 
mostly in the insight given on the dynamics of symbiotic biofilms and their exploitable 
features. The wastewater treatment and biomass productivity performance results and 
conclusions were also confirmed. 
The benefit of the application of this system is especially augmented for the case of 
wastewater treatment. In WWTP processes, there is a redundancy that occurs when 
focusing the treatment process on either COD reduction or nutrient reduction. That is, 
after removing COD in an energy intensive aerobic process (activated sludge) it is often 
necessary to subsequently add COD (such as methanol) to achieve high degrees of 
denitrification in an anaerobic process. As symbiotic interactions appear to have occurred 
in the biofilm as described, this COD redundancy problem is nearly accomplished. With 
abundant autotrophic growth of algae, N and P removal (the generally more difficult step) 
can occur concurrently with heterotrophic COD removal.  
N and P content of biomass may change depending on loading rate (Boelee, 2011; 
Mulbry, 2008) or may remain constant (Posadas, 2013). This was not taken into 
consideration in these calculations, but the conclusions were drawn from the magnitude 
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and sign of the results so such effects are unlikely to change them. Assuming 
heterotrophic growth also yields similar conclusions (Appendix A.5). 
4.5 Microscopy:  Identifying the proportion of autotrophic microalgae in this biofilm 
with microscopy can fortify a conclusion on the relative amount of autotrophic versus 
heterotrophic growth. A rough estimate of this was determined by analyzing the images 
obtained by microscopy (Figure 12) for the relative amount of green photosynthetic 
microorganisms.  
 
Figure 12:  10x40X light microscopy images of biofilm pieces from the center (S3) of 
the 1.3 hr HRT setup. 
Considering the typically larger volume of microalgal cells in comparison to bacterial 
cells, it is apparent that more than 50% of the growth was autotrophic in the biofilm. This 
is in agreement with the conclusions of the mass balance analysis.  
4.6 Lipids Accumulation:  It has been shown that the concentration of nutrients has an 
effect on lipid content, especially that nutrient deficient conditions promote lipids 
accumulation in some algae (Sharma, 2012; Schnurr, 2013). The possibility of such an 
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effect on microalgal biofilms can be assessed by comparing the various setups. 
Recirculation of the effluent at a sufficiently high ratio would reduce the formation of a 
concentration gradient, making such an analysis more straightforward. No recirculation 
was employed in these experiments, so a concentration gradient is sure to have 
developed, thus affecting the sections of each setup differently. Furthermore, the 
microbial community in the mixed culture biofilm may have developed differently in 
each setup and in each section along the reactor accordingly. 
Nonetheless, the general trends are assessed by directly comparing the average lipid 
productivity in each reactor and the variation of lipid content along each reactor. 
 
Figure 13:  Comparison of setup effect on lipid productivity (left); lipid content per 
section (denoted as upstream S1  downstream S5) of the reactor in each setup (right) 
4.6.1 Effect of Liquid Level:  In increasing the nutrient load by raising the LL, a drop of 
about 33% was observed in lipids productivity, and a drop of 14-33% was observed in 
lipid content by section. The biomass productivity of the 10 mm LL setup was about 5% 
lower than the base setup, which contributes to the lower lipids productivity. The lower 
lipid content had the higher effect though, being the cause for the remaining 28% drop. 
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This overall drop may be due to the excess of nutrients preventing more lipids 
accumulation. 
4.6.2 Effect of HRT:  In increasing the nutrient load by decreasing the HRT, a rise of 
about 56% was observed in lipids productivity. In this setup, a drop of 27-44% was 
observed in lipid content per section in the first two sections while a rise of 5-21% was 
observed in the remaining three sections. Therefore, the overall rise in lipids productivity 
in the 1.3 hr HRT setup was influenced by the higher biomass productivity. However, the 
rise in lipid content in some parts of the reactor conflicts with the aforementioned 
correlation to nutrients availability. 
4.6.3 Effect of SRT:  Besides nutrient concentration, it has also been shown that the 
growth phase of algae has an effect on lipid content (Fidalgo, 1998; Brown, 1996). The 
possibility of such an effect on microalgal biofilms can be assessed with the SRT 
variation setup. The lipids productivity of the 1.5 wk SRT setup was 17% higher than the 
base case. This slight increase was due to the significantly higher biomass productivity, 
as the lipid content decreased 11-59% by section (increased about 3% in S4). Thus in 
considering lipid content, a younger biofilm seems to accumulate less lipids, but the 
faster growth rate compensates for this. 
4.6.4 Overall lipid productivity:  The resulting lipid content of these reactors (4.5-11.1%, 
averaging 6.4% in the best case) compares well to the results of Woertz et al. (2009) who 
showed lipid contents of 4.9-11.3% in suspended algal systems for treatment of dairy and 
municipal wastewaters. Considering the lower HRTs used in this study as compared to 
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the 2-4 d HRTs used in Woertz et al. 2009, the biofilm configuration appears to be well-
comparable. 
The extent and variety of algae species that may be present in the biofilm at various 
locations along the flow path is likely to weigh heavily in considering the lipid content of 
each section. In a mixed community culture, numerous strains of algae as well as bacteria 
and even fungi are sure to be present. For example, in an algae stabilization pond, 61 
species of algae were identified by Fulke et al. (2013).  
The ability to stimulate increased lipid content in biofilms would be advantageous. 
Switching to nutrient deficient conditions from nutrient replete conditions has been found 
to increase lipid accumulation in suspended algae cultures. The decrease in average lipid 
productivity in the 10 mm LL variation agrees with such a phenomenon. However, this 
does not appear to be the case in observing the trends over the nutrient gradient between 
the influent of Syntho 3.7 (TN/TP = 30/2.5 mg/L), and the treated effluent (TN/TP = 8.5 
± 1.1 / 3.0 ± 1.8 mg/L), where the lipid content is highest at the influent. The 1.3 hr HRT 
variation further removes this theory from biofilm applications as there was an increase 
in lipid content in the downstream sections, and the upstream sections maintained higher 
lipid content than the downstream sections. 
This is in agreement with the Scenedesmus biofilm experiments of Schnurr et al. (2013) 
(Figure 14). In this study, although microbial community analysis would be necessary as 
validation, the higher lipid content in the upstream sections (S1 and S2) may be due to 
the significantly higher observed fungi presence (determined by macro-characteristics). 
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Fungi also have high lipid content, e.g. up to 39% in Mortierella isabellina (Zheng, 
2012).  
 
Figure 14:  (Shnurr et al. 2013) pure strain algal biofilms did not increase lipids 
accumulation in nutrient deficient conditions unlike in suspended cultures 
The successive overlap of error bars in the plots of this study allows for only trend-based 
conclusions. In this growing project field, such developments are initiatory to the many 
possibilities of applications. 
4.7 Energy Balance:  Green et al. (1995) carried out an energetics assessment of an 
advanced integrated wastewater pond system (AIWPS), an algae pond system that 
includes recovery and utilization of methane and algae biomass. An advantage of 
oxygenation by AIWPS over the activated sludge process was shown. Based on data from 
a pilot-scale model that operated for two years, 9.4 kWh/d was required for the paddle 
motors and 5.8 kWh/d was required for recirculation pumps, resulting in a total of 213 
kWh/ML for agitation in AIWPS. Thus AIWPS demonstrated an advantage in 
comparison with the widespread activated sludge process that utilizes mechanical 
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blowers (241 kWh/ML). A greater advantage was demonstrated in including the positive 
energy value from methane production in AIWPS, resulting in a net energy requirement 
of 109 kWh/L, about 5-fold lower than the aeration energy requirement of the plant 
employing activated sludge (570 kWh/ML) which required further energy intensive 
processing (Green, 1995). Figure 15 illustrates this comparison. 
 
Figure 15:  Aeration (electricity used for oxygen addition equipment) and regeneration 
(electricity generated from methane production) energies, normalized to one million 
liters. 
In Figure 15, aeration energy requirement includes mechanical blowers for activated 
sludge, and recirculation pumping and paddle mixing for AIWPS. Assuming a similar 
scale and recirculation energy requirement (although none used in this study), but no 
mixing requirement, the energy required for oxygenation would be approximately 5.8 
kWh/d or 80 kWh/ML for microalgal biofilms.  
For activated sludge, regeneration yield from methane combustion is taken from data 
presented by Burton (1996). The same yield demonstrated by AIWPS in Green et al. 
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(1995) was assumed For microalgal biofilms, which is adequate given the similar 
biomass productivities demonstrated in the system of this study and other pond studies.  
This study demonstrates good treatment performance and algae production with even less 
energy input. In a microalgal biofilms process, the energy requirement for aeration is 
approximately one third that of the activated sludge process. Then, in consideration of the 
energy value of lipids or methane that can be produced from the harvested biofilm, the 
net energy requirement is expected to be negative.  
The positive outlook given by this assessment is only an underestimate as the energy 
requirements were taken from inefficient pumps and motors and from a less conventional 
methane production technique. Using modern technology can easily improve these 
inefficiencies. Thus net production, rather than consumption, of energy at WWTPs using 
the potential of wastewater is realizable. A tradeoff however, is that an algae biofilm 
system of this form would require more land area. In the hypothetical scenario analysis of 
Boelee et al. (2012), the area requirement for a similar single-stage symbiotic microalgal 
biofilm system was 0.76 m
2
 per person equivalent. In comparison to the 0.2-0.4 m
2
 per 
person equivalent area requirement of a conventional WWTP, the energy savings 
associated with abolishing the need for aeration may be worth the land requirement 
tradeoff (Boelee, 2012). Furthermore, abolishing the need for biomass settling ponds 
provides more cost savings in the case of microalgal biofilm systems. 
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CHAPTER 5 
CONCLUSION 
Microalgal biofilms have shown high potential for application in coupling wastewater 
treatment with biomass production. This is made possible by microalgal photosynthetic 
aeration which abolishes the need for energy intensive blowers; and by recovering 
energy-valuable lipids. This study has further demonstrated this potential with attractive 
HRTs of less than 3 hrs and with a regular harvesting procedure in continuous-flow 
systems.  
Twelve lab-scale systems were run in parallel to gain an understanding of effectual 
parameters such as HRT (2.6 and 1.3 hr), LL (0.5 and 1.0 cm), and SRT (3 and 1.5 wk).  
Based mainly on these parameters' effect on TN removal, it appeared that increasing the 
nutrient load in the system with the lower HRT maintained high performance, but the 
performance was hindered with the increased LL – indicating a possible diffusion 
limitation. Biomass productivities were essentially equivalent among the base and 10 mm 
LL variations indicating a correlation of biomass productivity to TN removal. Biomass 
productivity was slightly higher in decreasing the HRT and in decreasing the SRT, 
confirming the transport limitation due to LL and indicating nonlinear growth kinetics 
that can be exploited. A mass balance confirmed the performance results and gave insight 
on the dynamics of autotrophic versus heterotrophic growth where more autotrophic 
growth was correlated with better nutrient removal performance. An HRT of around 
2.6hrs is therefore recommended to achieve higher COD removal. 
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Higher FAME content in the upstream sections relative to the downstream sections of the 
biofilms indicated opposition to the expected increase in lipids accumulation at lower 
nutrient concentrations. However, microbial community analysis and concentration 
gradient quantification are necessary to clarify this result. An energetics analysis shows 
the potential to exploit the chemical potential of wastewater in harnessing its energy 
through this high-energy biomass with a net-production of energy in municipal WWTPs. 
This study has consolidated some knowledge gaps that have not been addressed by 
previous microalgal biofilm studies. The system design has the potential to continue 
gaining the much-needed understanding of microalgal biofilm dynamics and application 
performance. A well-rounded solution for wastewater treatment and biofuel production is 
in sight.  
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CHAPTER 6 
FUTURE WORK 
Based on the presented results, the following studies are suggested to enhance the 
understanding of algae biofilm growth using wastewater.  
In this study, a plug-flow approach was used leading to variability along the flow path of 
the reactor. This was observed in the growth rates (Figure 9) and lipid contents (Figure 
12) of the reactors. To stabilize the system after having observed such effects of a 
nutrients concentration gradient, an effluent recycle loop of at least 5-times the influent 
flow rate should be incorporated. This is expected to minimize the extent of the gradient 
without modifying the flow pattern, leading to more uniform growth rates along the 
reactor.  
The varying composition of the microbial community (correlated to the nutrients 
concentration gradient) may also be an underlying influence on the range of results. 
Microscopy analysis of select biomass samples is suggested to give a preliminary 
description of the ecology. Then a primer sequence set for microalgae community 
analysis can be developed to quantify the composition and theorize the interrelationships 
within the microbial community. Measuring the N and P content of the biomass is also 
suggested to give a more accurate understanding of the nutrient removal mechanisms. 
Two additional aspects that remain untested by this study are light intensity and the use 
of 100% actual wastewater. To advance this technology, all aspects of actual 
implementation should be considered, including these. Outdoor conditions involve 
cycling light intensity that peaks at noon (PAR over 200 μmol/m2/s, higher than 80 
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μmol/m2/s applied here) and essentially flat-lines at night. Actual wastewater involves 
fluctuating nutrient concentrations and microbe-rich influent (consistent and sterile 
influent applied here). An understanding of the dynamics of the microalgal system with 
these conditions can be carried out with the present setup and operation. 
Consolidating the results in a mathematical model is another potential study that can 
advance this technology. Additional experiments should be carried out to quantify the 
encompassing effect of contact time by varying L/D and by other HRT and LL variations. 
Finally, further techno-economic analysis describing the area and labor requirements will 
be valuable in promoting the applications of microalgal biofilms.  
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APPENDIX A  
SUPPLEMENTAL INFORMATION  
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A.1 Preliminary Work:  In taking on this project, a Scenedesmus sp. biofilm was grown 
on a 324 cm
2 
surface, lightly roughened with 500-grit sandpaper, and with modified BG-
11 medium feed as a preliminary experiment. The growth was successful with 
solid/liquid phase separation (49 g/L dry weight concentration) that raised expectations.  
Moving directly into experimentation with more realistic operation parameters, six 162 
cm
2
 cast acrylic plate reactors were machined (Figure A1) with 5 and 10 mm weirs (to set 
liquid level). A microalgal biofilm community was first inoculated in September 2015 by 
a lake sample (~10 cm below lake surface) from Tempe Town Lake (concentrated 32x by 
centrifugation) and waste activated sludge from Mesa WWTP (3% final concentration). 
This mixed microbial community with abundant algae was acclimated to the media feed 
and harvesting procedures.  
  
Figure A1:  Biofilm reactor and weir drawings with dimensions in cm 
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These reactors were continuously fed with synthetic wastewater at a 4.5 hr HRT (set at an 
HRT similar to that of an activated sludge process). Section 3.6 provides details on 
harvesting and reinoculation procedures. 
The functionality of the reactor design was improved by 1) slanting the top of the weir 
30° down towards the effluent and adding a hydrophilic material (filter paper) to the top 
to promote spatially continuous and even effluent flow, 2) increasing the length to width 
ratio (L/D) to avoid preferential flow and to increase contact time of the fluid with the 
biofilm, and 3) minimizing the length of influent tubing and using stainless steel tubing 
where possible to avoid oxidation of nutrients before biofilm contact. The result was a 
finalized reactor setup that was adopted for this study.  
A.2 Syntho 3.7:  The use of synthetic wastewater was implemented to provide a 
consistent/stable influent. The recipe was based on one development by Nopens et al. 
(2001) who based their recipe on the novel “Syntho” formulation of Boeije et al. (1999).  
The following modifications were made resulting in the synthetic wastewater “Syntho 
3.7” used in this study: 
 Removed MgHPO4 due to poor dissolvability; adjusted KH2PO4 concentration to 
attain TP concentration of 2.5 mg/L; added MgCl to compensate for removed Mg 
 Removed starch due to excessive precipitation and increased acetate 
concentration to compensate for removed COD. 
 Added NaHCO3 to add alkalinity 
 Included 10% by volume Mesa WWTP primary effluent 
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The final solution was autoclaved in 19L batches and used immediately. 
A.3 Concentration plots:  The influent and effluent nutrient concentrations and pH 
values for all four setups are presented here as the basis for the presented results. All 
plots include the points (at least two) which were used in calculations. 
 
Figure A3:  Concentration plots of influent and effluent for all setups; effluent points are 
an average of the biological triplicate 
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A.4 Removal rate, assimilation rate, and mass balance calculation:  For a particular 
setup and a particular nutrient, the average change in concentration between the influent 
and effluent for the 3 measurement times was computed giving a ΔConc. value in units of 
mg/L. This value was converted to a removal rate by the flow rate Q, Area A, and 
molecular weight MW. For example, for the N removal rate in the base case: 
                 
      
  
 
     
 
 
                    
 
   
 
  
      
 
  
      
    
   
              
For the assimilation rate, the biomass productivity and the biomass stoichiometry come 
into play. The biomass productivity PBiomass is multiplied by the stoichiometric ratio 
Rnutrient of the particular nutrient in the biomass. For the same example, assuming 
autotrophic growth: 
                       
      
   
 
        
                           
       
      
   
   
       
    
   
                   
The mass balance takes these calculated values (removal and assimilation rates) into 
account, taking the difference between them, and yielding the amount of removal that is 
unaccounted in assimilation, which is converted to a percentage value for comparison to 
other setups. That is: 
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For COD balance, the COD ratio of the biomass is obtained from the balanced oxidation 
reaction: 
                                                      
       
  
 
Then the molCOD per molCell is the coefficient of O2 taken as a ratio over the 
coefficient of the biomass, yielding 1.17 molCOD/molCells. 
A.5 Heterotrophic balance:  Assuming biomass stoichiometry of heterotrophic growth 
(Equation 2) yields conclusions similar to those yielded in assuming autotrophic growth 
as discussed in Section 4.4. 
Table A5:  Comparison of nutrients mass balance for all setups; Heterotrophic growth 
assumed 
  
Removal Rate 
mol/m
2
/d 
Assimilation Rate 
mol/m
2
/d 
Unaccounted % 
COD 
5 mm LL, 2.6 hr 
HRT, 3 wk SRT 
0.12 ± 0.03 0.17 ± 0.07 -45 
10 mm LL 0.28 ± 0.06 0.16 ± 0.07 42 
1.3 hr HRT 0.34 ± 0.03 0.24 ± 0.04 30 
1.5 wk SRT 0.17 ± 0.07 0.25 ± 0.06 -48 
N 
5 mm LL, 2.6 hr 
HRT, 3 wk SRT 
0.062 ± 0.003 0.035 ± 0.014 44 
10 mm LL 0.057 ± 0.005 0.033 ± 0.013 43 
1.3 hr HRT 0.124 ± 0.033 0.048 ± 0.009 61 
1.5 wk SRT 0.048 ± 0.024 0.050 ± 0.012 -3 
P 
5 mm LL, 2.6 hr 
HRT, 3 wk SRT 
0.0058 ± 0.0037 0.0030 ± 0.0012 49 
10 mm LL 0.0088 ± 0.0063 0.0028 ± 0.0011 68 
1.3 hr HRT 0.0065 ± 0.0010 0.0041 ± 0.0008 37 
1.5 wk SRT 0.0022 ± 0.0028 0.0042 ± 0.0010 -94 
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A.6 FAME profile:  The FAME profile of the biomass, considered a potential 
chemotaxanomic marker for microbes, may give insight on the members of the microbial 
community, particularly the microalgae members (Lang, 2011). The FAME components 
that were measured for lipid content quantification were compared between setups and 
between sections (Figure A6). 
 
Figure A6:  FAME profiles of each setup by section; upstream S1  downstream S5 
C14 and C18:2 were occasionally below the detection limit. No correlation was attributed 
to that phenomenon since the occurrence never occurred in all 3 reactors of the triplicate. 
Specifically, C14 was undetected in: 1 reactor of the base setup in S1 and S3; 2 reactors 
of the 10 mm LL setup in S1 and S4; 1 reactor of the 10 mm LL setup in S2; and 1 
reactor of the 1.3 hr HRT setup in S1. C18:2n6c (a component of C18:2) was undetected 
in: 2 reactors of the base setup in S1; 2 reactors of the 10 mm LL setup in S2; 1 reactor of 
the 10 mm LL setup in S1; and 1 reactor of the 1.3 hr HRT setup in S1. These zero-value 
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occurrences are included in the average and standard deviation in the plot. All of the 
considered FAME was detected in all reactors of the 1.5 wk SRT setup.  
